INTRODUCTION
The use of Reference Materials (RM) is a common practice in the pharmaceutical area, both for qualitative and quantitative purposes, in order to comply with the pharmacopeial monographs. Nowadays, these pure substances, also called Reference Standards, can be easily purchased from different pharmacopeias.
An evaluation of RMs from a metrological point of view indicates that their use cannot provide traceability of measurement results to the International System of Units (SI). Metrological traceability is a requirement of the ISO 17025 standard (ISO 17025:2005) and corresponds to "an unbroken chain of comparisons to stated references, usually national or international standards, all having stated uncertainties" (Duewer et al., 2004; ISO guide 30:1992; Eurachem/Citac, 2000; JCGM, 2008) . In the absence of such standards, the Reference Materials can be traceable to physical or chemical properties (Duewer et al., 2004) .
On the other hand, Certified Reference Materials (CRM) can provide measurement traceability and therefore they are correctly used to assign values to other materials, as well as for calibration, quality control and method validation (ISO guide 35:2006) .
CRMs are high purity substances, stable, homogeneous, and fully characterized regarding their composition (Duewer et al., 2004) , which are accompanied by a certificate or similar type of document declaring the specified value of a given property (the content of the active pharmaceutical ingredient, API, in case of pharmaceutical substances) and the associated measurement uncertainty (ISO guide 30:1992, ISO guide 30:1992/Amd. 1:2008, ISO guide 35:2006; JCGM, 2008) . The requirements for production and certification of Certified Reference Materials are set by the ISO guides 34:2009 and 35:2006 and include the characterization of the material, homogeneity testing, short-and long-term stability studies, as well as the estimation of the measurement uncertainty. For pharmacopoeial standards, the ISO guide 35:2006 indicates that a different and specific approach may be used, provided the general principles of the guide are followed, while the ISO guide 34:2009 states that for most pharmacopoeial assay standards "the uncertainties of the assigned values are not stated, since they are considered to be negligible in relation to the defined limits of the method-specific assays for which they are used".
The trueness of this last statement, which appears in the ISO guide 34 at least since its 2 nd edition (2000), had previously come under question (Kuselman, Weisman, Wegscheider, 2003) . Additionally, an international tendency to produce CRMs in the pharmaceutical area is evident, although their availability remains very limited. The United States Pharmacopeia (USP), for instance, whose Reference Standards have been available since 1926 (Williams et al., 2006) , developed its first CRM in September 2008: dextromethorphan hydrobromide. In the following year, three other CRMs were made available by the USP (teophylline, phenytoin and carbamazepine) (The United States Pharmacopeial Convention, 2010) . Therefore, increasing demand for Certified Reference Materials in the pharmaceutical area is likely, which in the near future may be increasingly provided by pharmacopeias or National Metrology Institutes (NMIs).
In Brazil, although the National Health Surveillance Agency (Anvisa) still does not legally require the use of CRMs, the National Institute of Metrology, Normalization and Industrial Quality (Inmetro) started a pioneer project to develop the first Brazilian Certified Reference Material in the pharmaceutical area, and captopril CRM has been available on the market since April 2010.
The mass balance approach has been chosen to determine captopril content, since this procedure was reported to provide standard deviations up to 10 times lower compared to those obtained using the traditional assay methods for APIs (Hofer, Olsen, Rickard, 2007) , thus leading to lower associated measurement uncertainties. This paper describes the studies performed with the candidate CRM of captopril, including quantification of the organic, inorganic and volatile impurities, evaluation of the between-bottle homogeneity, and of the short-and long-term stabilities, the use of the mass balance approach for calculation of captopril content, as well as estimation of associated measurement uncertainty.
MATERIALS AND METHODS

Instrumentation
A Shimadzu high performance liquid chromatograph (HPLC), equipped with quaternary pump LC-20AT, on-line degasser DGU-20A 3 /DGU-20A 5 , auto-sampler SIL-20A/20AC, photodiode array detector SPD-20A and interface CBM-20A/20A, was used for the determination of related substances. The data were processed using the software Lab Solution. The analysis conditions used were: mobile phase methanol -phosphoric acid 0.11% (55:45, v/v), flow -rate 1 mL/min, UV detection at 220 nm. The HPLC column was RP18, 25 cm x 4.6 mm i.d., 5 µm, Supelcosil (Supelco), to which a pre-column RP18, 4.6 mm i.d., 5 µm (Varian) was attached. The same column was used for the LC-MS experiments, using a HPLC coupled to a triple quadrupole (1200 L Quadrupole MS/MS, Varian), methanol -10 mM formic acid (55:45, v/v) and methanol -0.1% TFA (55:45, v/v) as mobile phases and 0.2 mL/min as the flow-rate.
A Karl Fischer coulometer 831 Metrohm equipped with an oven sample processor 774 Metrohm and Tiamo 1.2 software was used for water determination, using an oven temperature of 80 °C, extraction time of 300 s and nitrogen-flow of 115 mL/min. The Differential Scanning Calorimetry measurements were performed using a DSC Q1000 (TA Instruments) according to Moreira et al. (2010) . For the gravimetric preparation of samples, an analytical Shimadzu balance, model AUW 220D, with resolution 0.01 mg was used.
Samples and reagents
The studies were performed using samples of the first batch of Inmetro CRM of captopril (MRC 09.1/09.001). Initially, the captopril was tested according to the F. Bras. IV ed. monograph and the results confirmed that it was a high purity material and suitable to become a candidate Certified Reference Material. The material was then packed in portions of 525 mg (nominal mass: 500 mg, excess of 5%) in amber glass flasks, under controlled temperature and humidity. The flasks were sealed with rubber caps and aluminum seals and identified with labels containing the CRM name and a serial number. Weight control was performed according to the F. Bras. IV ed. and the following results were obtained: average weight: 530.41 mg (n = 10), RSD 0.91%, greatest weight deviation from the average: 1.5%. All the tests described in this article were performed after the material had been packaged in its final form.
USP Reference Standards of captopril (batch H 09120H, 100.0%) and of captopril disulfide (batch H0F251, 99.0%) were also analyzed by HPLC for comparison and were not dried before use.
For HPLC analysis, methanol HPLC grade (Tedia), o-phosphoric acid 85% w/w for analysis (Merck) and water type I were used. A Coulomat AG solution (RiedeldeHaen) was used for Karl Fischer coulometric titration,
CRM characterization
The procedure chosen to determine the content of active pharmaceutical ingredients in the first Inmetro batch of captopril CRM was the mass balance approach (eq. 1).
Captopril (%) = 100% -Σ organic impurities (%) -Σ inorganic impurities (%) -Σ volatiles (water and solvents) (%)
(eq. 1)
The organic impurities were determined by HPLC according to the related substances test in the F. Bras. IV ed. (2002) monograph. Solutions containing 500 µg/g and 10 µg/g were prepared in triplicate from each CRM flask, and each solution was injected three times into the HPLC system. The HPLC method was validated and these studies revealed that the captopril was very unstable in solution, with formation of increasing amounts of its dimmer captopril disulfide, as previously reported (Stulzer, Silva, 2006) . Therefore, the accurate quantification of organic impurities required the analysis of solutions immediately after their preparation.
The content of each organic impurity in the captopril samples was determined according to eq. 2: (eq. 2) where: [org] = content of each organic impurity in the captopril samples; A imp = peak area of each organic impurity (500 µg/g solution of captopril); A capt dil = peak area of captopril (10 µg/g solution of captopril); DF = dilution factor from the 500 µg/g to the 10 µg/g solution; ΣA imp = sum of peak areas of all organic impurities
The inorganic impurities were determined using the residue of ignition test (ashing) according to the F. Bras. IV ed. Although more precise and sensitive methods are available to quantify inorganic metals, including AAS, ICP-AES, and ICP-MS, the determination of inorganic residues by ashing has previously been employed for the development of CRMs (Le Goff, Wood, 2009; Mathkar et al., 2009 ), since it is a gravimetric test which easily estimates the total content of inorganics in a sample.
The volatiles were determined by the loss on drying (LOD) test, performed at 60 °C under vacuum for 3 hours, according to the F. Bras. IV ed. The results were compared to the water content determined by coulometric Karl Fischer titration (oven method).
Homogeneity studies
The between-bottle variation was evaluated using 12 CRM flasks selected at random. The HPLC analysis was done as previously described and the captopril content was determined by mass balance according to eq. 1.
Additionally, the homogeneity was also evaluated by oxidation-reduction titration with potentiometric endpoint, according to the assay method in the F. Bras. IV ed. monograph. This study used 24 samples, prepared in triplicate.
Short-and long-term stability studies
For the short-term stability study, 8 flasks of CRM, selected at random, were subjected simultaneously to a temperature of 50 °C. On pre-determined days, one flask was taken out of the oven and individually analyzed (classical design). Solutions containing 500 µg/g and 10 µg/g were prepared in triplicate from each CRM flask, and each solution was injected three times into the HPLC system. Three other CRM flasks, not exposed to the temperature of 50 °C, were analyzed (solutions prepared in triplicate, three injections per solution) and used as controls. The captopril content was calculated by mass balance.
For the long-term stability evaluation, the samples were kept at the recommended storage conditions (20-25 ºC). The analysis was performed four times throughout the year in which the certification study was performed (namely on the 1 st , 11 th , 30 th and 38 th weeks). At each timepoint, three flasks were analyzed in triplicate, whereby each solution was injected three times into the HPLC. After the 38 th week, a monitoring program of the CRM samples was started.
Estimation of measurement uncertainties
The uncertainty calculation was performed according to the Eurachem/Citac guide (Eurachem/Citac, 2000) . The relevant uncertainty sources are shown in the cause and effect diagram (Figure 1) . Based on eq. 1, the uncertainties due to the determination of organic impurities (u org ), of inorganic impurities (u inorg ) and of volatiles (u vol ) were included. Additionally, the between-bottle variation uncertainty (u bb ) and the long-term stability uncertainty (u lts ) were considered as uncertainty components. As explained later, the short-term stability uncertainty (u sts ) was not taken into account.
The uncertainty sources for the determination of organic impurities (u org ) were basically the parameters of eq. 2, as can be seen in Figure 1 . The dilution factor (DF) covered the influence of the calibration of the analytical balance used for gravimetric preparation of samples, while the peak areas covered the influences of the HPLC system, the method, and of the captopril instability in solution. The combined uncertainty due to the determination of organic impurities (u org ), considering independent variables, was calculated according to eq. 3.
(eq. 3) where: δ org /δ xi = sensitivity coefficient or partial differential of content of organic impurities with respect to each uncertainty component x i ; u xi = uncertainties due to components x i
The combined standard uncertainties (u c ) due to the determination of inorganic impurities or to the determination of volatiles (hereafter called u inorg and u vol , respectively) were calculated according to eq. 4, which took into account the uncertainty due to the repeatability (equation term containing the standard deviation, SD) and the uncertainty due to the analytical balance (equation term containing the expanded uncertainty U for the analytical balance).
(eq. 4) where: u c = combined standard uncertainty (%); SD = standard deviation; n = number of measurements; x = mean of results; U = expanded uncertainty for the analytical balance (mg); k = coverage factor (k = 2); m = average weighed mass (mg).
The uncertainty due to between-bottle (in)homogeneity (u bb ) was calculated by eq. 5, according to ISO guide 35.
(eq. 5)
where: MS between = Mean square between groups (variation between units); MS within = Mean square within groups (variation within the units); n = number of replicates.
The short-term stability uncertainty (u sts ) was calculated by eq. 6, which was also used to estimate the longterm stability uncertainty (u lts ).
(eq. 6) where: u sts = uncertainty due to short-term stability; s (b1) = uncertainty of the slope (equivalent to standard error in b 1 in regression analysis); t = time.
Finally, the combined standard uncertainty associated with the CRM property value (u CRM ) was calculated according to the law of propagation of uncertainties, which consists of "the square root of the total variance obtained by combining all the uncertainty components" (Eurachem/ Citac, 2000) (eq. 7), considered to be independent variables and expressed in the same unit.
(eq. 7)
The expanded uncertainty (U), which is "the interval within which the value of the measurand is believed to lie with a higher level of confidence" (Eurachem/Citac, 2000) was calculated according to eq. 8. 
RESULTS AND DISCUSSION
The certification steps after material evaluation and packaging, were as follows:
1. In all steps, the associated measurement uncertainties were estimated.
Captopril CRM characterization
Determination of organic impurities
The quantification of the related substances of captopril according to eq. 2 has been chosen based on the following aspects: a) it is not an assay calculation and therefore does not rely on the use of the Certified Reference Materials of captopril and captopril disulfide, which are not available and could not be used to guarantee traceability; b) the single factor analysis of variance (Anova) of the normalized mean peak areas of seven individual solutions containing 10 µg/g of captopril USP reference standard or 10 µg/g of captopril disulfide USP reference standard, prepared on different days and injected six times each, indicated no significant difference between the two groups (captopril and disulfide), since F value 2.3105 < F crit 4.7472; and c) the peak area of captopril and impurities are of the same order of magnitude, since the peak area of captopril is obtained from the 10 µg/g solution and corrected by the dilution factor (DF).
The content of related substances determined by HPLC was 0.313264%, of which 0.259449% (ca. 82%) was represented by the main impurity captopril disulfide. These results were in accordance with the F. Bras. IV ed. acceptance criteria for captopril (maximum of 1.0% captopril disulfide and 2.0% total organic impurities) and were confirmed by three further measurements performed using the same procedure, as described later in the longterm stability studies. The combined uncertainty due to the determination of related substances (u org ) calculated according to eq. 3 was 0.036149%.
Additionally, captopril was also analyzed by high performance liquid chromatography coupled to mass spectrometry (LC-MS), in order to identify the unknown impurities observed by HPLC-DAD, eluted before the captopril peak and also between the peaks of captopril and disulfide (Figure 2 ), although their contents were below 0.05%, which is the lowest threshold proposed by the ICH for the identification of unknowns (ICH, 1994) . The MS detection considered the molecular weights of the captopril impurities described in the literature (LGC, 2010 Concerning the impurities, despite using the 0.1% formic acid containingphase, which resulted in stronger MS response compared to the 0.1% TFA phase, it was still not possible to identify the unknown impurities of captopril.
Determination of inorganic impurities
The content of inorganic impurities determined by the residue of ignition test was 0.02398% (n = 9) (Table I) , which is in accordance with the specified limit of 0.2% in the F. Bras. IV ed. monograph of captopril. The calculated value of u inorg (eq. 4) was 0.002976% (considering m = 973.089 mg, U = 0.06 mg and k = 2).
Determination of volatiles
The content of volatiles in the captopril CRM determined by the loss on drying (LOD) test was 0.097744% (n = 10), as shown in Table II , which is in accordance with the specified limit of 1.0% for the loss on drying test described in the F. Bras. IV ed. monograph of captopril. The uncertainty (u vol ) estimated by eq. 4 was 0.004889% (considering m = 501.3 mg, U = 0.06 mg and k = 2).
The water content determined by Karl Fischer coulometric titration was 0.025183% (n = 10, u = 0.000800%), a lower value compared to the result of the loss on drying (LOD) test. This difference may be explained by the fact (Smith, Webb, 2007) .
Homogeneity studies
The captopril contents of the samples for homogeneity evaluation were calculated by mass balance (eq. 1) and the results are shown in Table III . Considering the instability of captopril in solution according to the method validation studies, the sample solutions were injected into the HPLC system just after preparation, and therefore the randomized order of analysis recommended by the ISO guide 35:2006 could not be used. However, no trends were observed in the results related to the order of injection of samples (Figure 3a) or to the flask number (Figure 3b) , which was designated sequentially during the packaging operation of the CRM.
The single-factor analysis of variance of the captopril contents resulted in a mean square between groups (MS between ) of 0.000981 and a mean square within groups (MS within ) of 0.000287. Using eq. 5, the uncertainty due to between-bottle (in)homogeneity (u bb ) was estimated to be 0.015218%.
The homogeneity of captopril CRM was also evaluated by oxidation-reduction titration (F. Bras. IV ed.) and resulted in an average value of 100.04 (n = 24, samples prepared in triplicate), with RSD 0.32%. The results larger than 100% may be explained by the variability of the titrimetric methods (an expanded uncertainty of 1% has been estimated for the titration assay of another analyte, as reported by Rodomonte, Montinaro, Bartolomei, 2006) , and possibly also by the non-specificity of this technique, since the organic impurities usually contain moieties of similar reactivity to that of the analyte (Duewer et al., 2004; Gorog, 2005) .
In the literature, at least eight different impurities are described for captopril (LGC, 2010) , namely Imp. A (captopril disulfide), Imp. C ((2RS)-2-methyl-3-sulphanylpropanoic acid), Imp. D ((2RS)-3-bromo-2-methylpropanoic acid), Imp. E ((2S)-1-[2-methylpropanoyl]-pyrrolidine-2-carboxylic acid), Imp. J (S-acetylcaptopril hydrate), Imp. K ((2S)-3-(acetylthio)-2-methylpropanoic acid), Imp. N ((2S,2'S)-3,3'-disulphane-diylbis(2-methylpropanoic) acid) and captopril ethyl ester. Of these impurities, two contain a sulphydryl group (Imp. C and captopril ethyl 99.57 (1) Error in the HPLC injection ester), akin to the captopril, and therefore may possibly react with the titrant.
Notwithstanding, the titration results were useful to confirm the between-bottle homogeneity of captopril CRM (F value 0.9542 < F crit 1.7568 on single factor analysis of variance). For purposes of comparison, the titration resulted in a larger u bb value (0.083836%) compared to the HPLC analysis / mass balance determination.
Short-term stability studies
Short-term stability studies were performed to evaluate the stability of the captopril CRM under conditions which the material may be submitted to during transport. The study was carried out using the classical design (ISO guide 35:2006) , that is, under reproducibility conditions: all flasks were subjected to 50 ºC at the same time, and then analyzed individually on pre-determined days. This type of study is expected to result in larger uncertainty values, because possible variations in the measurement system, in this case HPLC, are also included.
The reason for not using the isochronous design, which is performed under repeatability conditions (all samples analyzed in the same series) and results in smaller uncertainties and therefore is the preferred approach according to the ISO guide 35:2006, was based on the validation studies. It was observed that captopril in solution suffers degradation, with formation of increasing amounts of its dimmer, captopril disulfide. Therefore, it would not be reasonable to analyze all the samples in a single set.
The captopril contents in the short-term stability samples, calculated according to eq. 1, are shown in Figure 4, while Table IV shows the regression analysis. The F value less than F critical (or the p-value greater than 0.05) confirmed the stability of the captopril CRM under transport conditions (50 ºC, 12 days).
The short-term stability uncertainty (u sts ) (eq. 6) was 0.005544%, considering a time period of 12 days. Since this value is smaller than the long-term stability uncertainty (see following paragraph), it was not taken into account for the calculation of the measurement uncertainty of the certified value of the captopril CRM, as allowed by the ISO guide 35:2006.
Long-term stability studies
The long-term stability studies were carried out to evaluate the stability of the CRM material under storage conditions. Table V shows the contents of related substances determined by eq. 2 and also by assay using the USP standards of captopril disulfide and of captopril (in the case of unknown impurities), following the recommendation to compare the CRM results with those obtained using (certified) reference materials (ISO guide 34:2009; Eurachem/Citac, 2000) . As depicted in Table V , the two average contents did not differ significantly.
The captopril contents determined by mass balance (eq. 1) in the long-term stability study are shown in Figure  5 , while the corresponding regression analysis can be seen in Table VI . The F value less than F critical (or the p-value greater than 0.05) confirmed the stability of the captopril CRM under storage conditions (25 °C, 38 weeks).
The uncertainty associated with the long-term stability (u lts ) was calculated by eq. 6 and the value of Development studies of captopril certified reference material 347 0.024173% was estimated considering the time "t" as the shelf life of 156 weeks (3 years) for the captopril CRM.
CRM certified value and measurement uncertainty
The certified value of the captopril CRM was determined by mass balance (eq. 1), using the contents of organic impurities (related substances by HPLC), inorganic impurities (residue on ignition test) and volatiles (loss on drying test), as described in the previous paragraphs. As shown in Table VII , the certified property value was 99.565% in mass fraction, the combined standard uncer- tainty associated with the CRM property value (u CRM ) (eq. 7) was 0.046414%, and expanded uncertainty (U), using a value of 2 as the coverage factor for a confidence level of approximately 95% (eq. 8), was 0.093%. The magnitude of the different uncertainty contributions to the value of u CRM are shown diagrammatically in Figure 6 . The largest contributions came from the determination of organic impurities (u org ) and from the long-term stability studies (u lts ), followed by homogeneity uncertainty (u bb ). The uncertainties due to the determination of inorganic impurities (u inorg ) and volatiles (u vol ) were less significant.
The certified value was confirmed by Differential Scanning Calorimetry (DSC), according to the recommendation for use of one primary method or two independent secondary methods for certification (ISO guide 35:2006) . The DSC can be considered a primary direct method, since it does not rely on the use of a "measurement standard for a quantity of the same kind" (JCGM, 2008) , although empirical corrections may be necessary in practice (Duewer et al., 2004) .
The methodology for purity determination by DSC is described by the ASTM Standard E 928-08 ("Standard Test Method for Purity by Differential Scanning Calorimetry"). This method is based on the Van't Hoff law and its derived equation (eq. 9), according to which the presence of impurities leads to the depreciation of the melting point (ASTM, 2008) . It represents an accurate, fast and convenient method for substances with purity higher than 98.5%.
(eq. 9) where: T S = actual melting temperature; T 0 = melting temperature of pure compound; R = gas constant; c = mole fraction of impurity; DH = heat of fusion of pure compound; F = fraction of molten material, determined by measuring partial areas of fusion peak observed in DSC Eq. 9 can be considered a first degree equation (y = ax + b), in which y = T S ; a = -R(T 0 ) 2 c/DH; x = 1/F; b = T 0 . Normally the graph from T S versus 1/F does not exhibit strict linear behaviour. The linearization is accomplished by adding an arbitrary area (c) to the total peak area (A tot ) and to each partial area (A part ), as shown in eq. 10.
(eq. 10)
The ASTM standard E 928-03 provides two methods for purity calculation according to the Van't Hoff law equation. For "method A" used in this study, the software TA Universal Analysis 2000 (TA Instruments) was employed for the calculations. The value of c is determined using the nonlinear least squares technique and then used for the linearization of the curve T S versus 1/F. The linear and angular coefficients are estimated by linear regression. Finally, the mole fraction of impurities in each sample is determined from the angular coefficient. Figure 7 shows the DSC curve obtained for captopril CRM. During captopril heating, a well-defined and symmetric endothermic peak was observed, which is typical of a constant temperature melting transition. In addition, the baseline was maintained, suggesting that the heat capacity of the material does not change during the process. Furthermore, there was no other phase transition during the DSC scan. Therefore, the material presented ideal conditions for purity calculation by the ASTM standard method.
The captopril content determined by DSC was 99.65 ± 0.023 % mol/mol, demonstrating that the purity of analytes with a known impurity profile, such as captopril CRM, can be determined equivalently by DSC and HPLC (Moreira et al., 2010) . Another study also indicated that the purity obtained by DSC is comparable to the purity determined by HPLC in case of organic compounds with at least 98% purity (Mathkar et al., 2009) .
The captopril content of the CRM determined by titration, according to the assay procedure described in the F. Bras. IV. ed., was greater than 100% (100.04% + 0.32%). Therefore, although the use of titration, a primary direct method (Duewer et al., 2004; Gorog, 2005; ISO guide 35:2006) , would be more recommended to determine the property value of captopril CRM, it proved to be less indicated for certification compared to the mass balance approach. 
CONCLUSIONS
The candidate Certified Reference Material (CRM) of captopril, the first Inmetro batch, has been certified. The certified reference value and expanded uncertainty (U), using the value of 2 as the coverage factor for a confidence level of approximately 95%, was 99.565 ± 0.093% in mass fraction.
Captopril CRM is the first Brazilian Certified Reference Material in the pharmaceutical area and allows analytical laboratories and research institutes to obtain traceable measurements, in compliance with the ISO 17025:2005 requirements.
